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We study the response of GaAs photonic crystal membrane resonators to thin film deposition.
Slow spectral shifts of the cavity mode of several nanometers are observed at low temperatures,
caused by cryo-gettering of background molecules. Heating the membrane resets the drift and
shielding will prevent drift altogether. In order to explore the drift as a tool to detect surface layers,
or to intentionally shift the cavity resonance frequency, we studied the effect of self-assembled
monolayers of polypeptide molecules attached to the membranes. The 2 nm thick monolayers lead
to a discrete step in the resonance frequency and partially passivate the surface.
Photonic crystal membrane microcavities (PCM) are
promising candidates for applications ranging from quan-
tum and classical communication [1], to microlasers [2, 3]
and sensing devices [4, 5]. Due to their ultra small mode
volumes [6] and large surface to volume ratio, the PCM
resonant frequency is highly sensitive to its environment.
While this sensitivity may be exploited for novel sens-
ing applications, it complicates solid-state cavity quan-
tum electrodynamic (QED) experiments that depend on
a precise resonance condition between a cavity mode and
an embedded single quantum dot (QD) [7, 8, 9, 10], single
atom [11] or single impurity [12]. This paper describes a
slow red-shift of the PCM mode emission frequency that
can occur at low operation temperatures. We ascribe this
shift to molecular condensation on the PCM surface. We
further describe methods used to fully curtail the drift,
and in addition, we report on the first demonstration of
a controlled red-shift of the PCM mode by the adsorp-
tion of a self-assembled monolayer (SAM) of polypeptide
molecules.
We are particularly interested in PCM devices oper-
ated at low temperatures in such a way that embedded
QDs display a discrete energy spectrum. As a model
system a square-lattice PCM geometry with one miss-
ing air hole (S1) has been chosen, which is known to
confine the fundamental mode in the proximity of the
air-semiconductor interface [13]. A single layer of self-
assembled InAs QDs was embedded in the 180 nm thick
GaAs membrane and emits around 950 nm [14] under
non-resonant laser excitation at 780 nm. Figure 1a shows
a spectrum of the fundamental cavity mode taken at
pump powers of 15 µW, which has been recorded with a
micro photoluminescence (micro-PL) setup [15]. At these
excitation conditions the cavity mode is clearly visible at
1.3293 eV with a quality factor (Q-factor) of 1900. The
2 µm diameter laser excitation spot has to be positioned
with an accuracy of ±0.5 µm with respect to the cavity
defect region (Fig. 1c), demonstrating the strongly local-
ized character of the mode. Individual QD transitions are
visible under low pump power excitation of 50 nW, which
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FIG. 1: Low temperature (4.2 K) micro-PL spectra of a PCM
shortly after cool-down (a) and 200 min later (b). High pump
power spectra (15 µW, blue) show the cavity mode and low
pump power spectra (0.05 µW, black) show a single QD emit-
ting at 1.318 eV. c) Scanning electron micrograph of a PCM
with a lattice constant a of 290 nm and hole radius r of 110
nm around the defect region.
have been identified by their pronounced antibunching
signature (not shown). Another set of two spectra was
taken 200 min later as shown in Fig. 1b. While the sin-
gle QD emission energy at 1.31780 ± 2 · 10−5 eV did
not change in the entire observation period, the cavity
mode has now red-shifted by 5.8 meV (4 nm) and has
a slightly lower Q-factor of 1700. The energetically sta-
ble QD emission indicates that no temperature drift or
strain-induced modification of the electronic states [16]
occurred over time.
The cavity mode energy shift as a function of time is
shown in Fig. 2a. The observed red-shift slows down
and saturates after a few hours. Measurements on dif-
ferent samples show that the drift is mostly independent
of the actual r/a ratio of the S1 cavities. It is known
that chemical wet etching of the PCM structures in HF
and selective removal of a self-formed native oxide will
result in a systematic blue shift of the cavity mode [13].
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FIG. 2: (a) Drift of the cavity mode energy with time. Cycling
the temperature from 4 K to 410 K and back to 4 K resets the
mode back to 1.3295 eV and the drift starts again as shown
in Fig.2(b). Data are taken at 4.2 K and 15 µW pump power.
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FIG. 3: (a) Temperature dependence of the mode emission
energy for a PCM (solid dots) and a MD (open dots). Dashed
line: FDTD calculation of the mode shift with temperature
for a PCM. (b) Temperature dependence of the single QD
transition energy (crosses). The red line is a fit according to
the Bose-Einstein model. Mode energies are normalized to
the T = 4 K values.
Therefore, we believe that the measured red shift can
be ascribed to material being added (adsorbed) onto the
same surface through cryo-gettering [17]. In confirma-
tion of this hypothesis, we have found that the red-shift
of the cavity mode can be fully recovered by cycling the
sample temperature from 4 K to 410 K and back to 4 K
(Fig. 2b), demonstrating that the thin film can be fully
removed.
A more detailed study reveals that the temperature
dependence of the mode shift is varying as shown in Fig.
3a. All temperature data have been recorded 5 hours af-
ter initial cool down to 4K in the regime where the mode
drift over time is saturated. With increasing tempera-
ture the mode energy is nearly constant between 4-30 K,
blue shifts by 1 nm between 30-50 K and is followed by
a red shift of 2 nm up to 100K (solid dots). In contrast,
the single QD emission energy (Fig. 3b, crosses) fol-
lows the expected temperature dependence of the semi-
conductor bandgap (Fig. 3b, red line), according to the
Bose-Einstein model [18] with parameters as given in the
inset. This demonstrates that the actual temperature
readout of the Si-thermometer inside the cryostat is close
to the real sample temperature within the PCM defect
region, where the single QD is located. For tempera-
tures above 50 K the slope of the mode energy follows
the expected linear red-shift due to the temperature de-
pendence of the effective refractive index n(T ), as has
been calculated by finite-difference time-domain simu-
lations (dashed line) assuming that n(T ) of the GaAs
membrane changes with temperature according to [19].
Thus, the observed anomalous blue-shift at temperatures
around 40 K must be caused by an additional effect and
is attributed to a partial desorption and/or reconfigura-
tion of the deposited film.
By way of comparison, we studied the behavior of
the whispering-gallery mode (WGM) of microdisk (MD)
structures with 5 µm diameter, which have been defined
by optical lithography and transferred into the GaAs by
a two-step wet etch process based on HBr [20]. These
devices show a largely reduced blue-shift with increasing
temperature (Fig. 3a open dots) as well as a largely re-
duced frequency shift over time (Fig. 4, open green dots)
compared to PCM reference devices (Fig.4, blue dots).
The WGMs of the MD structures have some evanescent
coupling in both lateral and vertical direction, but the
PCM mode penetrates much further into the air-hole re-
gion [13] and is therefore more susceptible to the envi-
ronment.
On the one hand the pronounced sensitivity of the
PCM mode to the actual environmental conditions is
promising for chemical sensing applications. On the
other hand this sensitivity might significantly complicate
the analysis of cavity-QED experiments utilizing temper-
ature tuning in order to establish a resonance condition
between the cavity mode and the emission energy of an
embedded single quantum dot [10]. In order to fully stop
the mode energy drift over time the PCM devices have
been capped with a thin glass slide [21]. As a result,
the energy drift is now completely absent (Fig. 4 black
dots). While this approach is satisfactory for cavity-QED
experiments at low temperatures, it would be highly de-
sirable to directly manipulate the PCM surface, allowing
for selective sensing of chemical species and to interface
with functional molecules and/or colloidal QDs. To this
end we linked polypeptide SAMs to the GaAs surface
of the PCM. The polypeptide molecule is composed of
eight alternating (Ala-Aib) sequences with a Glutamic
acid (Glu) attached to the C-terminal of the peptide and
is stable in α-helix form [22]. The peptide chemically
binds to the GaAs surface by a carboxyl group located
in the Glu amino acid. It was adsorbed to the GaAs sur-
face by first removing the surface oxide in dilute HF, and
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FIG. 4: Comparison of cavity mode red-shift over time for a
reference PCM (blue dots), a SAM-coated PCM (red trian-
gles), a microdisk (open green dots) and a PCM capped with
a thin glass slide (black dots). Mode energies are normalized
to the t = 0 min values. Data are taken at 4.2 K and 15 µW
pump power.
then immediately immersing it in 1 millimolar solution
of the molecule in absolute ethanol.
The thickness of the monolayer was measured by ellip-
sometry to be 2.2± 0.2 nm, in agreement with the calcu-
lated length of the polypeptide of 2.6 nm. This indicates
that the molecules have formed a monolayer with the
long molecule axis almost perpendicular to the surface.
Samples with an attached SAM and initially capped with
a glass slide show a red-shifted PCM mode by about 3-5
nm compared to reference samples without SAMs. This
indicates that the SAM is indeed attached to the GaAs
surface and highlights the pronounced sensitivity of the
S1 cavity mode’s ability to sense layers only 2 nm thick
with a frequency response about 6-10 times larger than
the full width at half maximum of the cavity mode (0.5
nm). This sensitivity can be further increased by use of
S1 cavities with demonstrated Q-factors as high as 10000
[13].
Finally, we removed the glass slide from the SAM cov-
ered sample and found a largely reduced magnitude of
the cavity mode red-shift over time by up to a factor of
three (Fig.4, red triangles) compared to untreated PCM
reference devices (Fig.4, blue dots). This demonstrates
a partial surface passivation once a SAM is attached. It
is furthermore expected that the use of molecules with
longer chains and thus larger average film thickness would
give rise to a further reduction of the mode shift over
time.
In summary, our experiments show how one may con-
trol the environment of a PCM to obtain either stable,
stepped or continuous tuning operation, each of which
will be of interest in a variety of nanophotonic applica-
tions. We demonstrated a new method to attach self-
assembled monolayers to GaAs photonic crystal mem-
brane cavities opening novel possibilities for biofunction-
alized photonic devices.
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